The identities and quantities of calcium-binding proteins were determined in axoplasm isolated from the squid giant axon. %a-binding assays on nitrocellulose filters containing axoplasm proteins separated by SDS-polyacrylamide electrophoresis revealed 4 major calcium-binding bands. These included the high-molecular-weight (M. > 330 and 220 x 1 03) neurofilament proteins, an unidentified protein band that migrated around M, 55,000, and a diverse group of proteins that migrated together around M, 17,000. The low-molecularweight (M, 17,000) calcium-binding proteins could be resolved into calmodulin (ca. 120 pmollkg axoplasm), 2 other M, 17,000 calcium-binding proteins, and a small amount of calcineurin B. It is estimated that these calcium-binding proteins in squid axoplasm could theoretically bind about 1 mmol Ca2+/kg axoplasm.
i251-Calmodulin overlay and Western blot analyses disclosed a number of calmodulin-binding proteins in axoplasm.
These included fodrin, calcineurin A, and Ca2+/CaM protein kinase II subunits.
Calcium ions are generally recognized as being involved in a wide variety of biochemical and physiological processes in cells (Rubin, 1974; Rasmussen, 198 1; Evered and Whelan, 1986) . These physiological actions of calcium usually occur when intracellular (cytosolic) free calcium rises from its resting level of around 0.1 PM to between 0.2 and 1.2 PM rarely, if ever, rising to over 10 FM (Rasmussen, 198 1) . Higher intracellular concentrations are known to be deleterious to cell structure and function, e.g., in axons excessive calcium is well known to induce degeneration, in part, by activation of an intracellular calciumdependent neutral protease (Schlaepfer, 1974; Eagles et al., 1988) . Hence, intracellular calcium is tightly regulated, often in a highly localized fashion within the cell (Rose and Loewenstein, 1975; Harary and Brown, 1984; Sawyer et al., 1985; Williams et al., 1985; Conner, 1986; Wier et al., 1987) . While the mechanisms underlying these transient and localized increases in intracellular calcium that occur either by release from localized intracellular storage sites or by the opening of a diverse set of Ca2+ channels (McCleskey et al., 1986; Miller, 1987) have received considerable attention, much less is understood about the mechanisms that buffer and regulate intracellular calcium.
What has been known for some time is that while intracellular free calcium is maintained at about 0.1 FM, the total intracellular calcium can range from 0.1 to 1 .O mM, i.e., greater than 99.9% of the intracellular calcium is in a "bound" or "sequestered" form. The homeostasis of intracellular calcium has been attributed in various systems and circumstances to membrane transport mechanisms (DiPolo and Beauge, 1983) to mitochondria and other specialized intracellular organelles (Blaustein et al., 1980; Henkart, 1980; Somlyo et al., 1985) and to buffering by intracellular calcium-binding proteins (Kretsinger, 1976; Martinosi, 1983; McBurney and Neering, 1987) . Probably the most systematic and quantitative study of intracellular calcium buffering, to date, has been on the squid giant axon (Brinley, 1978; Baker and DiPolo, 1984; Baker, 1986) . The total calcium content of squid axoplasm is between 50 and 200 mmol/kg, whereas total magnesium in axoplasm is between 5 and 10 mmol/kg. Free calcium ion in axoplasm is maintained at a concentration of 0.03-0.1 FM, while free Mg2+ is reported to be about 3 mM (Baker and DiPolo, 1984) . Most of the Mg*+ binding can be accounted for by ATP and other cytoplasmic anions (Baker and DiPolo, 1984) whereas the Ca2+ binding is considerably more extensive and intricate. Baker and Schlaepfer (1975, 1978) found that the mechanisms of Ca2+ binding in squid axons and axoplasm could be divided into energy-dependent and energy-independent components. The energy-dependent mechanisms in axoplasm (e.g., mitochondria and endoplasmic reticulum) can be poisoned by various agents [e.g., cyanide, azide, trifluoromethoxyphenyl hydrazone (FCCP), ruthenium red], thereby revealing the energy-independent component. Under these conditions of metabolic poisoning, appreciable calcium-buffering capacity is retained by the axoplasm (Brinley, 1978; Baker and DiPolo, 1984; Baker, 1986) . Brinley (1978) estimated that several hundred micromolar calcium can be buffered by the energyindependent component in axoplasm and that, under physiological levels of stimulation, this component alone could be adequate to buffer the resultant increase in intracellular calcium.
The above commentary points to the physiological relevance of the energy-independent calcium buffers in axoplasm, and raises questions as to their nature. Brinley (1978) and Baker and DiPolo (1984) have suggested that calcium-binding proteins could play such a role. Alema et al. (1973) isolated an unidentified Caz+-binding protein in axoplasm with a low affinity for Ca2+ (K, and a capacity for Ca2+ of 360 pmolfkg, which could be related to the low-affinity buffering component reported by Baker and Schlaepfer (1975, 1978) . In a preliminary report, Head and Kaminer (1980) found that squid axoplasm also contained the ubiquitous calcium-binding protein, calmodulin. In this paper, we have examined the identities of several calciumbinding proteins in squid axoplasm, have obtained quantitative estimates for some of them, and conclude that these molecules are sufficiently abundant in axoplasm to account for the Ca2+-buffering activity of the energy-independent system in axoplasm.
Materials and Methods
Materials. Bovine brain calmodulin-binding proteins and bovine brain calcineurin were obtained using calmodulin-Sepharose affinity chromatography as described by Klee et al. (1983) . Rabbit skeletal muscle troponin C was a gift of Paul Leavis (Boston Biomedical Research Institution, Boston, MA), and carp parvalbumin was kindly provided by Jacques Haiech (Centre de Recherches de Biochimie Macromoleculaire, Montpellier, France). Polyclonal antibodies against bovine brain calcium-binding proteins and calcineurin were raised in rabbits by conventional immunization procedures, and IgG fractions were obtained from preimmune and immune sera by 3 successive O-40% (NH,), SO, precipitations. 45Ca (4-50 Ci/gm) was obtained from New England Nuclear (Boston, MA). Bovine testis calmodulin was iodinated by the lactoperoxidase-glucose oxidase method to 1.4 mol iodine/m01 calmodulin (sp act, 10s dpm/pmol), as described by Klee et al. (1983) . Type IIIR E. co/i alklaine phosphatase was obtained from Sigma (St. Louis, MO).
Dissection ofsquidgiant axon and extrusion ofaxoplasm. Giant axons were dissected from live squid (Loligo pealel) obtained at the Marine Biological Laboratory, Woods Hole, MA, as previously described (Pant et al., 1986) . The giant axons were completely cleaned ofall surrounding small fibers in artificial seawater, and subsequently rinsed in ice-cold isosmolar sucrose to remove the external seawater and blotted. The intact axons were either directly homogenized (together with their surrounding plasma membrane and sheath cells) or used to extrude axoplasm in the conventional manner (Lasek, 1974) into homogenizing buffer. The homogenizing buffer (for intact axons and extruded axoplasm) contained 5 mM EDTA, 1 mg/ml leupeptin, 40 mM Tris, pH 7.0. After homogenization of the tissue samples they were frozen at -20°C until used.
Dephosphorylation of squid axoplasm proteins. Extruded squid axoplasm in homogenizing buffer was extensively dialyzed against dephosphorylation buffer (50 mM Tris, 100 mM NaCl, 1 mM ZnSO,, pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSP) (Sigma), and 0.1 mg/ml each of leupeptin, pepstatin A, antipain, and bestatin (Peninsula Labs) to inhibit proteolysis. Two hundred micrograms of E. coli alkaline phosphatase (type IIIR, Sigma) were incubated together with 200 fig axoplasm protein for 5 hr at 37°C. The incubation was terminated by precipitation in ice-cold 10% trichloroacetic acid (TCA). Control axoplasm samples were mixed with TCA before the addition of equal amounts of alkaline phosphatase. The TCA precipitates were washed in acetone (2 x), air-dried, and dissolved in SDS gel buffer for electrophoresis and Western blots as described below.
SDS-PAGE. Protein samples were dissolved in 0.05 M Tris-Cl buffer, pH 8.0, containing 6 M urea, 1% (wt/vol) SDS, 0.5 M dithiothreitol (DTT), and either 5 mM EGTA or 5 mM CaCl, (as indicated), and were boiled for 1 min. These samples were then electrophoresed on 5-10% polyacrylamide gradient gels using the buffer system of Laemmli (1970) . The M, marker proteins co-run on the gel were phosphorylase a (97 KDa), bovine serum albumin (68 KDa). catalase (58 KDa). fumarase (48 KDa), lactic dehydrogenase (36 I&), and beta-lactogldbulin (17.5 KDa). After electrophoresis, the proteins on the gels were either stained by Coomassie brilliant blue or electrophoretically transferred to 0.45 pm nitrocellulose filters. A 0.2 pm nitrocellulose filter was usually placed directly behind the 0.45 Frn filter to trap any proteins (e.g., CaM) that passed through the first filter. The electrophoretic transfer time was usually 20-24 hr and the current was 200 mA, unless otherwise indicated. The transfer buffer was 25 mM Tris, 192 mM glycine, pH 8.3, made 20% (vol/vol) with methanol.
Methods for detection and quantitation of calcium-binding proteins. The 45Ca overlay method of Maruyama et al. (1984) was used to detect and quantitate calcium-binding proteins after separation by SDS-PAGE and transfer to nitrocellulose filters. The concentration of calcium in the binding buffer did not exceed 10-h M in order to avoid significant dilution of 45Ca added at a concentration of 5 x 10m6 M (1 pCi/ml). Appropriate amounts of calmodulin and calcineurin were run on the same gels to generate a calibration curve for each protein, since the amount of 4sCa bound on the filter depends on the affinity of the protein for calcium, as well as on its rate of transfer to the nitrocellulose filters. In general, calcineurin B retains 20 times more calcium than calmodulin under these conditions. The radioactive bands, localized by autoradiography, were cut out and the radioactive calcium was eluted by soaking overnight in 0.5 ml of 0.1 M EGTA, 0.1 M NaCl at room temperature (85-95% of the counts were eluted by this method). On the same gel (containing between 2 and 100 fig of protein), the radioactivity is proportional to the amount of the protein applied to the gel, and the values varied from gel to gel by + 15%. Quantitative determinations were made only for proteins for which we had standards, i.e., calcineurin B and calmodulin.
Western blots were performed by the method of Towbin et al. (1979) and IgG complexes where detected on the nitrocellulose filter with biotinylated horseradish peroxidase and 3,3'-diaminobenzidine tetrahydrochloride as substrate, both obtained from Vector labs. Conditions of complete transfer were tested by transferring l-3 fig purified bovine calcineurin under the same conditions and testing for residual protein on the gel after transfer using Coomassie blue. For quantitation of calcineurin, the amount of cross-reacting protein was determined by densitometric analysis of the filters with a Laser Zeineh densitometer. For quantitation purposes, 5-50 ng of calcineurin were run on the same gel as the unknown protein to generate a linear standard curve.
'Z51-Calmodulin binding was performed by the overlay method (Glenney and Weber, 1980; Carlin et al., 198 l) , either directly on gels, as described by Klee et al. (1983) , or after transfer to nitrocellulose (Hubbard and Klee, 1987) . A standard curve with varying amounts of calcineurin was used for quantitation. Protein concentration was determined by the method of Lowry et al. (195 1) . and 17 x 1 03, respectively. Bands A and B comigrated with the 2 forms of high-molecular-weight neurofilament protein found in squid axoplasm, which are known to be highly phosphorylated (Pant et al., 1978 (Pant et al., , 1986 , and band D comigrates, at this level of resolution, with a number of "E-F-hand" calcium-binding proteins (e.g., calmodulin).
Results

Detection of calcium-binding proteins in axoplasm
Although the identities of the calcium-binding proteins found in Figure 1 , band D are the main subject of this paper, we were intrigued to find that the neurofilament proteins could also bind 45Ca*+ PM in the presence of 5 mM Mg*+. Since, as pointed out above, these neurofilament proteins are highly phosphorylated, containing about 20 mol phosphate/mol neurofilament protein (Eagles et al., 1988) we treated axoplasm samples with alkaline phosphatase in order to extensively dephosphorylate these proteins. The results of these experiments on the effect of dephosphorylation %a*+ binding are illustrated in Figure 2 . Lanes l-3 show protein staining on gels, and lanes 4-6 show Ca2+-binding patterns on nitrocellulose filters of comparable protein samples. Since the axoplasm samples in Figure 2 ; "i lian (Carden et al., 1985) and squid (Cohen et al., 1987) neurofilament proteins. The effect of this dephosphorylation procedure was equally dramatic on %a*+ binding. While no apparent changes were seen in bands C and D as a result of dephosphorylation, the Caz+-binding properties of bands A and B were completely eliminated by dephosphorylation (compare control lane 5 to dephosphorylated lane 6 in Fig. 2 ). Thus, we conclude that the calcium-binding properties of the high-molecular-weight neurofilament proteins in squid axoplasm are dependent on their phosphorylation state.
Analysis of the low-molecular-weight calcium-binding proteins in axoplasm by the 45Ca-binding method
The migration rates of the low-molecular-weight calcium-binding proteins in axoplasm (i.e., ca. M, 17,000 in Fig. 1 ) on SDS gels are compared to known "E-F-hand" calcium-binding proteins (Kretsinger, 1982) in Figure 3 . Electrophoresis was performed for axoplasm proteins and CaM in the presence and absence of Ca*+, since some calcium-binding proteins (e.g., CaM) have increased migration rates in the presence of Ca2+. In EGTA, band D in axoplasm (Fig. 3, lane II) was separated into 2 =+Ca-6 Figure 2 . Calcium binding to alkaline phosphatase-treated axoplasm. Axoplasm extruded from the 8iant axon was separated by SDS-PAGE in the presence of 5 mM EGTA and was either stained for protein (lanes 2 and 3) or transferred for 2 1 hr to a 0.2 pm nitrocellulose membrane and exposed to %a*+ (lanes 5 and 6). Lanes I (protein stain) and 4 (%a*+ binding to nitrocellulose) contained 80 /~g alkaline phosphatase (AP) only. Lanes 2 and 5 served as controls (AP added after TCA treatment) for the AP-treated axoplasm in lanes 3 and 6. Note that the control lanes (2 and 5) resembled axoplasm data in Figure 1 , whereas AP-treated axoplasm showed dramatic and selective M, decreases in bands A and B (lane 3) and loss of %a*+ binding by these proteins (lane 6).
binding bands, a minor band and a major band (1 and 2 in Fig.  3 ). Band 1 migrated somewhat above troponin C (TNC), and band 2 appeared to comigrate with CaM and overlapped only slightly with calcineurin (Cn). Parvalbumin (Pa) migrated more rapidly than any of the calcium-binding proteins in axoplasm. When electrophoresed in the presence of Ca2+ (Fig. 3, right) , the axoplasm calcium-binding proteins were further resolved into 3 distinct '%a-binding protein bands, 1, 2a, and 2b. While the migration rate of band 1 was only slightly affected by Ca*+, band 2 was split into 2 bands, both ofwhich, like CaM, migrated more rapidly in Ca*+. Band 2a continued to comigrate with bovine CaM, whereas band 2b migrated more rapidly. Thus, on the basis of the information in Figure 3 , squid axoplasm does not contain Pa or TNC, but contains 3 distinct low-M, calcium-binding proteins, one of which comigrates with bovine CaM under 2 conditions (f Ca*+) of electrophoresis.
In Figure 4 , the low-M, calcium-binding proteins were subjected to an additional treatment. In this experiment, the electrophoresed proteins were electrophoretically transferred for much longer times and at higher currents filter (see Materials and Methods), and both filters were tested minor 45Caz+-binding band was present, and that this band (band for 45Ca binding. The 0.45 pm filter is shown on the left, and 3) comigrated with and partitioned between the filters like bothe 0.2 pm filter on the right of Figure 4 . Under these conditions, vine CnB. In both the EGTA and Ca2+, gel electrophoresis band bovine CaM mainly passes through the 0.45 pm filter and is 1 bound principally to the 0.45 pm filter. Band 2 (in EGTA) primarily trapped on the 0.2 pm filter, whereas bovine calciand bands 2a and 2b (in Ca*+) were partitioned almost equally neurin (CnB) is primarily trapped on the 0.45 pm filter and between the 2 filters. In this regard, putative squid CaM (i.e., considerably less on the 0.2 pm filter (shown in lanes 1, Fig. 4) . Fig. 4 2a) and CnB (band 3) in axoplasm by comparing the 4sCa binding to these bands using standard curves of 45Ca binding to purified bovine brain CaM and CnB (see Materials and Methods). These data are shown in Table 1 . On the basis of the 45Caz+-binding method, putative squid CaM and CnB constitute 2.5-3% and 0.3%, respectively, of total proteins in axoplasm.
Identification and quantitation of calcineurin in axoplasm by Western blot and 1Z51-calmodulin-binding methods
Since the CnB subunit of calcineurin represents the calciumbinding component of this protein phosphatase, it was possible to detect it by the 45Ca2+-binding method (Fig. 4) . However, the other subunit of this molecule, CnA, does not bind Ca*+ but binds calmodulin (Klee et al., 1983) . Hence, we have used a Western blot method to identify and quantify CnA and CnB (Fig. 5) , as a well as a 1251-CaM binding method to identify and quantify CnA. Figure 5 illustrates Western blots of purified bovine calcineurin (lanes 1 and 4) and squid axoplasm (lanes 2 and 3) immunostained with either control preimmune IgGs (lanes 1 and 2) or anti-bovine calcineurin IgGs (lanes 3 and 4).
As can be seen (lane 4), the CnA and CnB are both stained by the anti-bovine calcineurin IgG. In axoplasm, 2 high-molecularweight proteins were detected by both the preimmune and anticalcineurin IgGs. These represented nonspecific staining due to biotin-or avidin-binding proteins in the axoplasm (M. Krinks, unpublished observations). However, 2 bands corresponding in Table 1 . Calcineurin B was found to constitute 0.2% of total axoplasm protein (surprisingly close to the 0.3% value found using the @Caz+-binding method, suggesting that the antibody's affinities for bovine and squid CnB were comparable), and calcineurin A relatively less, i.e., 0.06% of total dxoplasm protein. Calcineurin B is relatively conserved, whereas CnA differs considerably between species (Iwasa and Ishiguro, 1986) ; therefore, a Western blot quantitation method using antibovine calcineurin IgG to quantitate squid CnA could conceivably give erroneous values. However, an independent quantitative assay using a 1251-CaM-binding assay also showed that the CnA content in axoplasm was lower than that of CnB (see Table 1 and below). Figure 6 illustrates the use of the 1251-calmodulin overlay method (see Materials and Methods) to identify CnA as well as other CaM-binding proteins in squid axoplasm. Lane 4 in Figure  6 shows 1251-calmodulin binding on nitrocellulose to which SDS-PAGE-separated bovine calcineurin (0.6 pg purified calcineurin containing CnA and CnB in complex) had been transferred. Figure 6 , lanes 1 and 2, respectively. While many '251-CaM-binding proteins can be detected in axoplasm (Fig. 6, lane 2) , only 4 of these are identifiable at the present time. These include the highest-molecular-weight band, which comigrates with fodrin, a heavily stained pair of bands between the M, 48 and 58 markers, which correspond to the 2 Ca*+lCaM protein kinase II subunits (about 54 and 58 KDa) found in squid nervous system (Bass et al., 1987) and a minor band comigrating with CnA (about 6 1 KDa). The presence of fodrin in axoplasm was confirmed by Western blot assays using antibodies aginast bovine CaM-binding proteins (see Fig. 7 ), and also bovine fodrin-specific antibodies (not illustrated). Bovine brain fodrin is also detectable by the overlay method if longer autoradiographic exposures are used (data not shown), and both bovine brain and axoplasm contain a A& 150,000 CaM-binding protein (Fig. 6) . A quantitative estimate from the lZSI-CaM binding assay of CnA (see Materials and Methods) gave a value of 0.05% of total axoplasm protein (Table  l) , again close to the estimate of 0.06% obtained using the Western blot method (Table 1) . Figure 7 shows another Western blot assay, using antibodies against all bovine brain proteins that are retained by a CaMSepharose affinity column (see Materials and Methods). These antibodies detected a variety of CaM-binding proteins in West- Fig. 7) , most notably fodrin, a M, 68,000 protein, calcium-binding protein 18 (CBP18), and CnB. Staining of squid axoplasm proteins by this mixed antibody also reveals staining, albeit weak, of some corresponding bands, e.g., fodrin, which is weakly stained, and CnB, which is strongly stained (Fig. 7 , CMBP IgG lane 2). These immunochemical data, like those in Figure 5 , suggest that some immunogenic epitopes in CnB are conserved between squid and bovine CnB; however, this is obviously not the case for other CaM-binding proteins. Note also that some "CaMbinding proteins" identified by CaM affinity chromatography do not bind 1251-CaM on the nitrocellulose overlay assays, e.g., CnB and CPB18 (compare Figs. 6, 7) . The reason is obvious for calcineurin, which is a complex of CnA and CnB; CnB is "affinity purified" on the CaM-Sepharose column only because of its association with the CnA subunit during the chromatography, but is separated from CnA in SDS-PAGE. Thus, the 1251-CaM overlay method is a more direct test of whether a protein subunit is a true CaM-binding protein.
In summary, there are a number of distinct calcium-binding proteins detectable in squid axoplasm (Figs. 1, 3, 4) , of which only 2 are also found in abundance in bovine brain, i.e., CaM and CnB. Because these 2 proteins appear to be highly conserved between animal species, the 45Caz+-binding method that was used to quantitatively compare these 2 proteins (Table 1) The doublet seen around 68,000 M, in axovlasm in the nreimmune serum is due to an avidin-or biotin-binding protein and not to specific staining by the IgGs. different species probably is based on more conservative assumptions (i.e., of comparable affinity for Ca*+) than the Western blot assay (where one might expect a wider variation of affinities for squid versus bovine proteins using antibody raised against the bovine subunits). Overall, it is interesting to note that squid axoplasm contains 2-3 times the amount of CaM than bovine brain homogenate, whereas the CnB estimate is equivalent for the 2 tissues. In addition to the bovine-like CaM (band 2a, Fig. 4 ) squid axoplasm also contains 2 distinct M, 17,000 calcium-binding proteins (bands 1 and 2b, Fig. 4 ) which we cannot quantitate by the %a2+-binding method since we have no purified standard. However, the intensities of 45Ca2+-binding to bands 1 and 2b are comparable to that of CaM (lanes II in Fig. 4 ) and therefore they would appear to be comparable to that of CaM in contributing to the Ca*+-binding capacity of axoplasm (see Discussion).
Discussion
Our findings of a wide variety of calcium-binding (Figs. 1, 4 ) and calmodulin-binding (Fig. 6 ) proteins in squid axoplasm are, in themselves, not remarkable. We were, however, surprised to find that neurofilament proteins could selectively bind calcium (Figs. 1, 2) , and that calmodulin was found in such a large quantity (Table 1 ). An analysis of these calcium-binding proteins (see below) leads us to conclude that these proteins can account completely for the energy-independent component of calcium buffering in axoplasm (Brinley, 1978; Baker and DiPolo, 1984; Baker, 1986 ).
Although we have no direct quantitative estimates for the calcium-binding capacities of the squid neurofilament proteins, a recent report by Abercrombie et al. (1986) on the A& 150,000 and 160,000 neurofilament proteins in Myxicolu giant axons is particularly relevant. These authors found a calcium-binding capacity of 8.5 pmol/gm of neurofilament protein and an affinity of 0.4 MM Ca2+, corresponding to about 100 pmol Caz+/kg of Myxicola axoplasm. This indicates that each mole of neurofilament protein binds approximately 1.2 mol of calcium, considerably less than the approximately 20 mol of phosphate found per mole of high-molecular-weight neurofilament protein (Eagles et al., 1988) . This difference between the phosphate content and calcium-binding capacity of neurofilament proteins makes it unlikely that the calcium is simply binding to the phosphates on this molecule; nevertheless, it is interesting that the calcium binding is completely eliminated by dephosphorylation of the protein (Fig. 2) . In squid axoplasm, neurofilaments constitute about 13% of total protein (Morris and Lasek, 1984) , and of this, about half (about 24 pmol/kg axoplasm) is in the phosphorylated high-molecular-weight form (Baumgold et al., 198 1) . If the squid neurofilament protein calcium-binding capacity is comparable to that found in MyxicoZu (Abercrombie et al., 1986) , then the contribution of the squid neurofilament proteins to calcium buffering in axoplasm would be approximately 24 pmoll kg axoplasm.
By far the greatest calcium-binding in squid axoplasm is associated with calmodulin (band 2a, Fig. 4 ) and other M, 17,000 calcium-binding proteins (bands 1 and 2b, Fig. 4) . Head et al. (1983) isolated 2 A4,17,000 calcium-binding proteins from squid optic lobe by phenothiazine-Sepharose affinity chromatography. One of these proteins corresponded to calmodulin, on the basis of amino acid analysis (e.g., it contained a trimethyllysine residue), its comigration on SDS gels wtih bovine calmodulin, and its ability to activate phosphodiesterase. The second protein did not comigrate with bovine calmodulin under some gel conditions, did not contain trimethyllysine, and did not significantly activate phosphodiesterase. Both of these proteins bound 3-4 mol of calcium ions/m01 at 0.1 mM free Ca2+; both bound chlorpromazine in a Ca2+-dependent manner, and these proteins were present in comparable amounts in squid optic lobe. Two A4, 17,000 calcium-binding proteins that we found in squid axoplasm appear to be similar to the proteins described above for the optic lobe. In Figure 4 , band 2a comigrates in gel electrophoresis like bovine CaM, whereas band 2b does not, and probably corresponds to the unique squid calcium-binding protein described by Head et al. (1983) . Because of the intensities of their 45Ca*+ binding (Fig. 4) , both proteins appear to be equiv-alent in amount in axoplasm. Quantitative estimates, however, were made only for band 2a (i.e., the putative CaM) in Table 1.
Our analysis indicated that squid axoplasm contained 2.5-3% of total axoplasm protein, as CaM. This value is comparable to the 0.5-l% values found in bovine brain (Table l) , 0.8-4.8% found in rat brain (Kakiuchi et al., 1982; Hoskins et al., 1986) , and 1.8-4% found in eel electric organ (Munjaal et al., 1986) . Given that squid axoplasm contains about 80 gm protein/kg axoplasm, 2.5% of this would give a CaM concentration of 2 gm/kg, or about 120 pmol CaM/kg axoplasm. Since each mole of CaM is known to bind 4 mol of calcium ion, approximately 480 pmol of Ca*+/kg of axoplasm could theoretically be bound by CaM. If, as appears to be the case in Figure 4 , the squid M, 17,000 calcium-binding protein (band 2b) is present in comparable amounts in axoplasm, and if this protein also binds 4 Ca'+ ions, as indicated by Head et al. (1983) , then the Ca*+ binding of these 2 proteins would come to 960 pmol Caz+/kg axoplasm. Adding to this the presumed 24 Mmol/kg bound by neurofilament proteins, we estimate that the theoretical calcium-binding capacity of proteins in axoplasm is about 1 mmol Ca'+/kg axoplasm. We have not considered the relatively small contribution of CnB (Table 1) or band 1 (Fig. 4) , or that of band C in Figure 1 , which we have not yet identified. Thus, the energyindependent component of calcium buffering, discussed earlier, could easily be accounted for by axoplasm calcium-binding proteins. pain), which would be a devastating event for axonal structure (Pant et al., 1982; Eagles et al., 1988) , or could be the basis for the diffusional barrier for calcium in neuronal cytoplasm often invoked by physiologists (Augustine et al., 1988) ; Gamble and What might be the functional significance ofthis high calciumbinding capacity in axoplasm? The identification of a number of calmodulin-binding proteins in axoplasm (e.g., fodrin, calcineurin, and Ca2+/CaM protein kinase II in Fig. 6 ) suggests that Ca"/CaM-regulated processes are occurring in axoplasm, although their specific biological functions in the squid axons are at present unclear. It could be that the Caz+-binding proteins in axoplasm are primarily there to act as powerful Ca*+ buffers. This could provide a fail-safe mechanism for preventing the accidental activation of the calcium-dependent protease (cal-weight Ca2+-dindingproteins isolated from squid optic lobe by phenothiazineSepharose affinity chromatography. Biochem. J. 209: 797-802.
Note added in proox In a recent paper (Lefebvre and Mushynski, 1987) , describing different methods, high-and low-affinity bindings of calcium to neurofilament proteins were found. Dephosphorylation caused a reduction of low-affinity binding sites, and increases in the number and binding constant of high-affinity sites.
